Introduction
In this project the effect of energy deposition in a supersonic flow past a hemisphere is studied. The energy deposition disturbs the flow after the blunt body shock and changes the pressure distribution through time. The drag coefficient changes due to the change of the pressure on the hemisphere instantaneously. In this project this phenomenon is simulated using the Euler equations.
Not all the energy that is deposited to the flow will be transformed to heating the gas. A large portion of the energy goes to vibrational energy, dissociation, etc. The efficiency of the energy deposition (based upon the assumption of an inviscid, perfect gas) is calculated using the experimental data [1] .
Description of the Problem
In this study the experiment of Adelgren et al. [1] is simulated assuming an inviscid, perfect gas. The Mach 3.45 flow forms a blunt body shock in front of the hemisphere. The laser discharge is modeled as an instantaneous heated region added to the previous steady state solution on the centerline.
It is assumed that the initial temperature distribution is spherically symmetric. The form of the initial temperature within the discharge region is therefore
where r is the spherical radius measured from the focal point of the laser discharge and r o is the initial radius of the instantaneously heated region. The dimensionless function f (r/r o ) describes the shape of the initial temperature distribution within the heated region. The focal point is a distance L from the surface of the hemisphere on the centerline ( Fig. 1 ) and is upstream of the blunt body shock. The initial density ρ and velocity u in the discharge region are set equal to their freestream values since the discharge is assumed to be instantaneous. The initial pressure is obtained from the Ideal Gas equation.
The change in energy of the gas within the energy deposition volume V is
Since the density and velocity do not change due to the instantaneous energy deposition,
and therefore
where α is a dimensionless parameter determined by the assumed shape of the initial temperature profile 
Computational domain
The application of dimensional analysis to the inviscid, perfect gas simulation implies that the peak pressure on the centerline p peak (due to the interaction of the blast wave on the hemisphere centerline) normalized by the stagnation pressure on the centerline p o2 (in the absence of the laser discharge) is
where M ∞ is the freestream Mach number, and ε is the dimensionless energy deposition parameter
The semicolon is introduced in (6) as it is expected that the dimensionless peak pressure p peak /p o2 is relatively insensitive to both r o /D and α for r o /D 1, provided that the dimensionless energy deposition parameter ε is based on the distance L of the discharge from the hemisphere surface. This non-dimensionalization embodies the fact that the blast wave strength (for a fixed ∆E) decreases with increasing distance from the discharge region. The dimensionless energy deposition parameter for the experiment is
The dimensionless energy deposition parameter for the simulation is (9) ε s = 4 3
The thermal efficiency is defined as (10) η = ∆E Q where ∆E is the energy required to achieve agreement with the experimental p peak /p o2 . For a simulation using dimensional variables there is no requirement that the freestream static pressure and static temperature be specified in accordance with the values in the experiment provided that the freestream Mach number M ∞ , ratio of specific heats γ match the experiment (and, of course, the discharge position is upstream of the blunt body shock). In this case, the equivalent energy deposition of the simulation corresponding to the experimental conditions is
s where e and s correspond to the experiment and simulation, respectively.
Method of Solution
The fluid is assumed to be inviscid, perfect gas. Therefore, the Euler equations with the Ideal Gas Equation apply for this flow.
where e is the total energy per unit volume. Slip boundary conditions are applied to the hemisphere-cylinder surface BC (Fig. 2) . Symmetry boundary conditions are applied on the axis AB. Freestream boundary conditions are applied on the outer boundary AD, and zero normal gradient boundary conditions applied on the downstream boundary CD.
The simulation is performed using the commercial software GASPex [5] . The second order upwind-biased Van Leer method [2] in all i, j and k directions is used for the flux algorithm with the Modified ENO limiter. Prior to the energy deposition, the steady state condition is obtained using Gauss-Seidel [3] relaxation with a fixed CFL number of one. For the unsteady simulation the explicit temporal integration is performed using a second order Runge-Kutta [4] scheme.
Three sequences of mesh are considered for the numerical simulation: coarse, base and fine. The grid spacing in each sequence is one half of the previous one. Details of the mesh are presented in the Table 1 . The accuracy of the simulations is assessed using the coarse, base and fine grids to extrapolate the exact pressure p peak /p o2 on the centerline vs time for the duration of the interaction. The average error for the base and fine grids is 0.402% and 0.372%, respectively. 
Initial Condition for Laser Discharge
The laser discharge is added as an instantaneous change to the steady state flowfield. The Top Hat function is used in the heated region; therefore the f in Equation 1 is one and the r 0 /D is chosen to be 0.05; which is close to the nondimensional radius of the heated region in the experiment. With the Top Hat function that has been assumed for the heated region α in the Equation 5 becomes one. The schematic description of the initial condition for the laser discharge is shown in the Figure 3 . Figure 3 .
Interaction of Laser Discharge with Hemisphere Cylinder
The pressure drag coefficient is defined as
where F is the force in the streamwise direction on the hemisphere and A = πD 2 /4 is the frontal area. Fig. 4 shows the frontal pressure drag coefficient vs non-dimensional time τ = tU ∞ /D for ε = 1.178 · 10 −2 (∆T /T ∞ = 9 and r o /L = 0.05). The drag coefficient is observed to initially increase and then drop dramatically before recoverying to the steady state value. The overall duration of the interaction is approximately three times the characteristic time D/U ∞ which is the same as L/U ∞ for this simulation. Four points (labeled A through D) are identified in Fig. 4 and Figs. 5 to 8 display the Mach contours and instantaneous streamlines for the four points. At point A (Fig. 5 ) the drag coefficient is halfway between the steady state value and the first peak. The blast wave has already intersected the blunt body shock and the transmitted shock wave has impacted the hemisphere surface causing an increase in drag. The heated region, however, has just reached the blunt body shock. At point B (Fig. 6) , the heated region has interacted strongly with the blunt body shock causing a lensing forward (upstream) of the blunt body shock. As the result of the interaction a vortex is generated inside the shock layer due to the RichtmyerMeshkov instability. A stagnation point has formed on the axis upstream of the hemisphere surface due to the decreased stagnation pressure in the heated region 1 . At point C (Fig. 7) the heated region has completed passage through the blunt body shock and the lensing effect has reached its maximum extent. The interaction generates a rarefaction wave which reduces the static pressure on the hemisphere. The drag coefficient achieves its minimum value. At point D (Fig. 8 ) the blunt body shock has begun to collapse back towards its steady state position and the heated region has convected past the hemisphere. The static pressure within the heated region rapidly relaxes to the ambient pressure p∞ given sufficient distance of the focal point from the hemisphere cylinder. Thus, at the moment the heated region reaches the blunt body shock, the static pressure within the heated region is essentially the ambient pressure p∞ and the velocity is approximately U∞. However, the Mach number is lower since the temperature is higher than T∞. Hence, the stagnation pressure in the heated region at the moment of interaction with the blunt body shock is below the freestream stagnation pressure pt ∞ .
Thermal Efficiency
In order to determine the thermal efficiency η, it was decided to match the experimental peak pressure on the centerline due to the impingement of the blast wave. The experimental centerline pressure vs time is displayed in Fig. 9 . The peak pressure due to the blast wave is an increasing function of the laser discharge energy. Note, however, that the minimum pressure is insensitive to the laser discharge energy and therefore cannot be used to determine the thermal efficiency.
Multiple simulations with different values of ∆T were performed for each of the three experimental cases in order to determine the value of ∆T that achieved agreement between the computed and experimental p peak /p o2 . The value of η was determined using (10) where ∆E was calculated using (4) or (11) as appropriate. The computed and experimental dimensionless peak pressures were matched to within 1%. Matching of the computed and experimental peak pressure is illustrated in Fig. 10(a) to 10(c). The peak pressure is accurately matched to within 1%. A second peak pressure is observed in the simulation for corresponding to the impact of the second shock on the hemisphere; however, this second peak is not observed in the experiment. The reason is that viscous effects would tend to mitigate the rapid pressure rise associated with the second shock, and thermal diffusion would tend to diffuse the heated region and the viscous effects are not considered in this simulation which assumes inviscid, perfect gas.
The calculated efficiencies are listed in Table 2 . The computed value of η is multiplied by 100 to obtain the efficiency in percent. Table 2 . Thermal Efficiency Q 13 mJ 127 mJ 258 mJ η 1.081% 0.580% 0.436%
As it is shown in the Table 2 , the thermal efficiencies of the energy deposition are so small and only a small portion of the energy deposited goes to heating the gas and increasing its translational-rotational energy. 
Dependency on the Freestream Condition
In this project the dependency of the flow parameters on the dimensional freestream condition is studied. Two separate freestream conditions were chosen for two separate numerical simulations. The freestream conditions and the efficiencies and net energy deposited to the flow due to the energy deposition in each numerical simulation are presented in the Table 3 . The net energy deposited to the heated region in the numerical simulations and the efficiencies are calculated using the Equations 11 and 10, respectively. 
Conclusion
The interaction of a laser-generated plasma with a hemisphere at Mach 3.45 is simulated. The instantaneous laser discharge is assumed to create a heated region with higher pressure and temperature but the same density as the freestream condition. The peak pressure on the hemisphere due to the impact of the blast wave is matched in each simulation to determine the thermal efficiency of the laser discharge. The time history of the centerline pressure shows significant disagreement with experiment for all simulations. The results indicate that the perfect gas Euler simulations with the assumed initial condition are incapable of accurately predicting the surface pressure due to the interaction of the laser-generated plasma with the hemisphere and hence the net drag reduction.
